Abstract: The chemistry of some reactive frustrated Lewis pairs (FLPs) is reported. This includes intramolecular P/B and N/B FLPs, some of which were used as catalysts for the hydrogenation of electron-rich olefin substrates. Some advanced intermolecular FLPs are reported, which includes systems derived from very bulky alkenyl boranes obtained from 1,1-carboboration reactions of 1-alkynes with tris(pentafluorophenyl)borane. Some such systems activate dihydrogen and transfer the resulting proton/hydride pair even to some electron-poor alkynes. Eventually, we report on the reaction of our intramolecular ethylenebridged P/B FLP with nitric oxide (NO). N,B-addition of the P-Lewis base/B-Lewis acid combination is observed to form a new type of a persistent aminoxyl radical. Some of the chemistry of the new FLP-NO radicals is presented and discussed.
INTRODUCTION
Tris(pentafluorophenyl)borane is a strong boron Lewis acid [1] that has found a variety of interesting uses. It has been extensively employed as an activator component in homogeneous metallocene Ziegler-Natta olefin polymerization catalysis [2] . B(C 6 F 5 ) 3 was shown to serve as a potent catalyst for the hydrosilylation of organic carbonyl compounds [3] . In recent years, it has found significant use as a component in "frustrated Lewis pair" (FLP) chemistry [4] , and it was shown to serve as a superb reagent in advanced variants of the 1,1-carboboration reaction [5, 6] (see Scheme 1) .
Steric bulk at their substituents can substantially hinder the otherwise ubiquitous adduct formation between Lewis acids and bases. Such FLPs of co-existing bulky Lewis acids and bases can undergo remarkable reactions. This phenomenon was recognized early on (see Scheme 2) [7, 8] , but not effectively pursued until after the recent observations by D. W. Stephan et al. about the (reversible) heterolytic cleavage of dihydrogen by the intramolecular FLP 2 [9] . Subsequently, a great variety of at times very reactive FLPs have been prepared, which has led to the development of a remarkable array of reactions performed by various FLPs. Currently, the development of FLP chemistry seems to be steeply ascending. Herein, some recent contributions by my research group in Münster will be described.
ACTIVATION OF DIHYDROGEN
We prepared the intramolecular P/B FLP 5 by the route indicated in Scheme 3 by means of a hydroboration route involving "Piers' borane" [HB(C 6 F 5 ) 2 ] [10, 11] . This intramolecular FLP is a very reactive dihydrogen activator. Exposure to H 2 at close to normal conditions very rapidly gave the product of heterolytic cleavage of dihydrogen, the zwitterionic phosphonium/hydridoborate system 6.
The characteristic structural features were shown by the X-ray crystal structure analysis of the closely related bicyclic derivative (8) (see Fig. 1 and Scheme 4) [12] , which revealed a weak inter action between P and B in these systems.
Compound 8 shows dynamic 19 F NMR spectra, caused by the (reversible) cleavage of the P−B linkage and its equilibrium with the reactive intermediate 9. We determined a Gibbs activation energy of ΔG ‡ (283 K) ≈ 12 kcalؒmol -1 for the ring opening of this FLP. Consequently, the bond dissociation energy of the P−B bond in 8 is below this limiting value.
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Compound 8 is one of the most active FLPs for hydrogen activation in this series. It very effectively cleaves dihydrogen under very mild reaction conditions to give 10. It also reacts with a variety of other "small" molecules. The addition of phenylisocyanate to yield 11 is a typical example (see Scheme 5) .
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Scheme 4
The phosphonium/hydridoborate zwitterions (e.g., 6) are able to transfer the H + /H -pair to a variety of enamines and related compounds. This has led us to develop this into a metal-free catalytic hydrogenation process of these substrates (see Scheme 6) [13] .
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We have used a similar synthetic scheme to prepare a variety of intramolecular N/B FLPs. Hydroboration of the enamine 12a with Piers' borane proceeded smoothly to give 13a. The X-ray crystal structure analysis again showed the presence of a N−B interaction (see Fig. 2 ) [14] . However, dynamic 19 F NMR spectroscopy revealed that this interaction was weak; we determined the activation barrier of N−B bond dissociation at ΔG ‡ (297 K) ≈ 13.3 ± 0.2 kcalؒmol -1 . The closely related N/B FLP 13b showed a similar activation barrier of N−B bond cleavage [ΔG ‡ (322 K) ≈ 14.0 ± 0.2 kcalؒmol -1 ] .
These values indicate that the amine Lewis base/borane Lewis acid interaction in the N/B FLPs 13 is weak. Consequently, these systems also cleave dihydrogen (see Scheme 7) . The resulting zwitterion 14b is a reasonably active catalyst for the hydrogenation of enamines to give the corresponding tert-amine products (see Scheme 8). (15) with B(C 6 F 5 ) 3 . This pair activates dihydrogen reversibly. H 2 is heterogeneously split by the intermolecular FLP 15 in a relatively slow reaction at room temperature (r.t.) to give the mono-phosphonium/hydridoborate salt 16. Only one phosphane Lewis base functionality was used in this case. The X-ray crystal structure analysis of the salt 16 showed the presence of a weak (probably electrostatic) P-HؒؒؒH-B interaction between the cation and the anion in the crystal [15] (see Fig. 3 ). In solution, the salt 16 rapidly looses dihydrogen at 75 °C to cleanly re-form the FLP 15 (see Scheme 9) .
1,8-Bis(diphenylphosphino)naphthalene forms an FLP
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The FLP 15/H 2 system is a catalyst for the hydrogenation of a series of silylenolethers. We observed good conversions and good product yields provided the substituents at the electron-rich C=C double bond were not too small (see Scheme 10) [15] .
The results described above have shown that a variety of reactive FLPs are able to serve as active catalysts for the hydrogenation of electron-rich olefins [16] . We were subsequently able to show that FLP/H 2 systems can also be used in some cases in catalytic hydrogenation of electron-poor C-C multiple bonds. The FLP hydrogenation of conjugated ynones (e.g., 17, see Scheme 11) may serve as an example.
In this case, we used intermolecular Lewis pairs derived from bulky alkenylborane Lewis acids in combination with various P-or N-based Lewis bases. The substituted alkenyl-B(C 6 F 5 ) 2 system 18 is a typical example. It was prepared by means of a 1,1-carboboration reaction (see below). In combination with the bulky phosphine t Bu 3 P, it gave an FLP that rapidly split H 2 (1. 
1,1-CARBOBORATION
FLPs typically react with 1-alkynes either by 1,2-addition or by deprotonation and alkynyl transfer to boron. We prepared the zirconocene-based FLP 22 and showed by X-ray diffraction the absence of any BؒؒؒP interaction. Treatment of 22 with 1-pentyne gave a surprising result: we obtained a Z-/E-mixture of the product 22, isolated in >40 % yield. Apparently, a 1,1-carboboration reaction [6a] in this case was more favorable than the usual FLP chemistry. Consequently, the reaction of the related Lewis base free Zr/B system (24) with 1-pentyne furnished the same type of product (25) (see Scheme 12) .
1,1-Carboboration reactions have frequently been observed upon treatment of alkynes containing Si, Sn, Pb, or transition-metal substituents with trialkylboranes (the "Wrackmeyer reaction") [6a] . It seems that the use of the strongly electrophilic C 6 F 5 substituted borane greatly facilitates this reaction type, so that even simple 1-alkynes are able to undergo this specific transformation, in this case involving 1,2-hydrogen migration along the alkyne framework [5, 19] .
This acceleration effect in some cases makes the 1,1-carboboration reaction a viable competing alternative to typical FLP reactions of terminal acetylenes. Scheme 13 shows two typical examples. The FLP (p-tolyl) 3 P/B(C 6 F 5 ) 3 rapidly reacted with 1,6-heptadiyne to yield the zwitterionic heterocyclic product 27. This was obviously formed in a two-step reaction sequence initiated by 1,1-carboboration of one of the acetylene units (to give 26) followed by a 1,2-FLP addition reaction of the resulting alkenylborane Lewis acid/(p-tolyl) 3 P Lewis base to the remaining free acetylene functional group [20a] .
Likewise, the bis-ethynylbenzene derivative 28 reacted with the P(C 6 F 5 ) 3 /B(C 6 F 5 ) 3 FLP to give the related product 30 [20b] .
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Scheme 11
We have found that bulky diarylphosphino substituents can favorably be employed as migrating groups in such 1,1-carboboration reactions of alkynes. The dimesitylphosphino-substituted alkyne 31 reacted readily with the B(C 6 F 5 ) 3 Lewis acid at r.t. to yield the zwitterionic phosphirenium-borate product 32 (see Scheme 14) [21]. Subsequent thermolysis (toluene, 105 °C) led to "completion" of the 1,1-carboboration reaction to yield the intramolecular FLP system 33. Compound 32 was characterized by X-ray crystal structure analysis (see Fig. 4 ).
The bulky di-alkynylphosphane 34 reacted similary with B(C 6 F 5 ) 3 . The phosphanyl-migration reaction took place already at -35 °C to generate the three-membered phosphirenium type intermediate (35), which was actually isolated and characterized by X-ray crystal structure analysis. Heating to 80 °C eventually resulted in the formation of the boryl-substituted phosphole derivative 36 (see Scheme 15) [22].
Dihydroboroles can be prepared in a similar way using sequential 1,1-carboboration reactions. A typical example is the reaction of dicyclopropylacetylene with B(C 6 F 5 ) 3 (see Scheme 16) . At r.t., two isomeric products (37, 38) were formed in a ca. 1:1 ratio. Apparently, in each case one of the cyclopropyl groups was opened. The open-chain product (38) was obviously formed by cleavage of a proximal cyclopropyl C-C bound and 1,1-carboboration at the acetylene triple bond. Heating of 38 to 80 °C resulted in a second now intramolecular 1,1-carboboration reaction, in this case to the C=C double bond to give 40 [23, 24] . The isomer 37 was then formed by 1,1-carboboration of the acetylene in conjunction with distal C-C bond cleavage of one of the cyclopropyl substituents. In this case, the subsequent intramolecular 1,1-carboboration reaction of the alkene was apparently fast already at r.t. For characterization, we prepared the isonitrile adduct 39 that was characterized by XRD (Fig. 5 ) [23] .
FLP REACTIONS WITH NITRIC OXIDE (NO)
We had previously shown that the intramolecular FLP 5 reacts rapidly with nitroso compounds. The P/B system 5 undergoes a 1,2-addition reaction to, e.g., nitrosobenzene to give the six-membered heterocyclic product 41 [25] . We have now shown that 5 even reacts with NO. It undergoes a very remarkable N,N-addition reaction with both the P-Lewis base and the B-Lewis acid adding to the N atom of NO to yield the five-membered product 42 (see Scheme 17). Compound 42 is a persistent free radical, a special new member of the important family of the persistent aminoxyl radicals or nitroxyl or nitroxide radicals, as they are sometime called. Compound 42 was characterized by spectroscopy, including electron spin resonance (ESR) spectroscopy and by X-ray crystal structure analysis (see Fig. 6 ) [26] . It shows a N-O bond length of 1.308(3) Å.
The ESR spectral parameters and the results of a density functional theory (DFT) analysis indicate that the new FLP-NO radical 42 is a more oxygen-centered radical as, e.g., compared to 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) (see Scheme 18). It readily abstracts a hydrogen atom from 1,4-cyclohexadiene to form the diamagnetic FLP-NOH compound 43. Its calculated O-H bond dissociation energy is by ca. 10 kcalؒmol -1 higher than that of TEMPO-H (see Scheme 18) which renders the FLP-NO radical 42 by ca. 10 kcalؒmol -1 less stabilized. 
Scheme 18
Consequently, the new FLP-NO aminoxyl radical readily underwent a hydrogen atom abstraction (HAA) reaction at the benzylic postion of toluene to give 43. The resulting benzyl radical then was very effectively trapped by an additional FLP-NO equivalent to eventually form the corresponding diamagnetic FLP-NO-benzyl product (44). The radical 42 reacted similarly with cyclohexene to form 43 and 45 (see Scheme 19) [26] .
CONCLUSION
We have shown that the intramolecular FLP 5 and its congeners react rapidly with dihydrogen. The H-H molecule is cleaved heterolytically to yield an onium/hydrido borate pair of functional groups. Many of the resulting systems are able to actively transfer the H + /H -pair bonded to their framework to a variety of electron-rich π-systems, such as enamines, dienamines, or silylenolethers. There is a recent development toward using FLP chemistry also to catalytically hydrogenate electron-poor olefins. The use of modified alkenylboron Lewis acids derived from 1,1-carboboration reactions of 1-alkynes with B(C 6 F 5 ) 3 point to a solution of this synthetic problem.
In addition, we could show that FLP chemistry is expanding its scope rapidly. This has become evident by our observation that the FLP 5 reacts rapidly with NO by N,N-addition to form the new persistent FLP-NO radical (42). The chemistry of these novel FLP-derived radicals will be explored.
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